As received recycled short milled carbon fiber (SMCF) reinforced diglycidal ether of bisphenol-A (DGEBA) epoxy matrix materials have been developed by ultra-sonication mixing of SMCF in epoxy then curing at room temperature for nine days. The SMCF with mean diameter 7.5 µm, and length 100 -300 µm, was used at different loadings i.e. 1, 2, 3, 5 and 10 wt%. Elemental analysis, surface chemistry and crystallography of SMCF were examined using X-ray fluorescence, X-ray photoelectron spectroscopy and X-ray diffraction. Fourier Transform IR spectroscopy confirmed that both in unmodified and SMCF-modified epoxies, 99% curing was achieved. Surface microhardness study showed a slight increase with 5% and 10% SMCF addition. Raman study confirms no structural change in SMCF after incorporation in epoxy. Also, a numerical modelling is implemented to correlate the density of the modified epoxy and SMCF volume fraction/distribution uniformity.
Introduction
Epoxy resins are thermoset polymers. Incorporation of filler and continuous fiber reinforcement in the resin can improve mechanical properties and toughness of the composite [1] . In recent years, epoxy is finding advantageous use as a composite matrix in infrastructure (civil engineering) applications [2] - [4] using carbon fiber as reinforcement in epoxies, normally cured at room temperature. A major concern for epoxies has traditionally been their low abrasion/wear resistance, reduced curing in presence of additives, as well as the low fracture properties of the neat epoxies [5] - [7] .
Whilst till the last decade fiber reinforced composite materials were regarded as non-recyclable [8] [9], gradual increase in environmental awareness and regulatory guidelines have stopped their disposal into landfill sites [8] . Therefore recycling of carbon fiber has become necessary. This is done in two ways i.e. mechanical and thermal. Mechanical recycling includes powdered carbon fiber with sticking matrix, whereas thermal processes mostly produce clean fibres [10] [11] . However, the recycling of "short" carbon fiber by either means reduces the tensile strength and modulus of the original fiber properties by up to 25% [10] [12] . Whilst addition of short milled carbon fiber SMCF has shown improvement in wear properties [13] , mechanical bonding [14] , electrical conductivity [15] , and interfacial adhesion [13] , there is little or no information in the literature regarding the physico-chemical effects of SMCF addition on curing and/or void/defect content. This paper examines a) the curing kinetics of SMCF/epoxy using Fourier Transform IR spectroscopy [16] , b) the D and G band characterization of SMCFs using Raman spectroscopy and c) X-ray diffraction (XRD) to study crystallography and allied variations. The distribution uniformity of SMCF in epoxy matrix is assessed by studying the deviation in volume fraction calculated using practically observed densities of a number of SMCF-epoxy samples.
Materials and Experimental Procedures

Materials
Commercial SMCF (MF100) supplied by ELG Carbon Fiber Ltd, had average diameter 7.5 µm, length 100 to 300 µm, and density 1.8 gm/cc as per information provided by the supplier. SEM image shown in Figure 1 reveals that SMCFs are randomly oriented.
A general purpose low shrinkage laminating epoxy system (EL-M) consisting of DGEBA and curing agent (hardener) cyclo-aliphatic polyamine was obtained from Barnes Pvt. Ltd, Sydney, Australia. 
Characterisation
X-Ray Fluorescence (XRF) Spectroscopy
Elemental analysis was carried out on pressed pellets of SMCF (wax as a binder) using a PanAlyticalAxios Advanced Sequential wavelength dispersive X-ray Fluorescence (WDXRF) spectrometer equipped with a Rh 4 kW X-ray tube. Calibration was done with the help of Omanian software.
X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy, the surface characterisation technique used to analyse SMCF, was undertaken using an ESCALAB250Xi with a mono-chromated Al K alpha X-ray source (1486.68 eV) operated at 12 mA emission current and 13 kV anode potential. Survey spectra in the range of 0 -1350 eV were recorded with pass energy of 100 eV and a step of 0.5 eV, followed by high resolution scanning over selected regions with pass energy of 20 eV and a step of 0.1 eV and the spot size was selected as 500 µm. All spectra were recorded at a 90˚ take-off angle. The surface atomic composition was calculated using Avantage XPS software.
Fabrication
The main interest of this study is to enhance epoxy properties in the field where high temperature curing is not possible such as infrastructure applications (bridge, ship hull, building parts etc.), and therefore, curing was done only at room temperature. The SMCF in the proportions of 1, 2, 3, 5 and 10 wt% were added to pure epoxy resin and mixed mechanically, followed by ultra-sonication for 45 minutes in a Unisonicbath. After this, the hardener was added and further ultra-sonication was carried out for 15 minutes. The mixture was then transferred to silicone rubber molds to produce SMCF modified epoxy matrix sheets in the form of single edge notch bending (SENB) test samples (ASTM Standard D5045)for tests for this research. Curing was carried out at ambient laboratory temperature (21˚C ± 4˚C), with maximum curing time as 9 days. FTIR peaks were measured after every 24 hours of curing, and it was observed that after 8 days of curing there was no further change in FTIR peaks.
In the results described below, the epoxy/SMCF composites are designated as ESMCF 00 (neat epoxy), ESMCF 01, ESMCF 02, ESMCF 03, ESMCF 05 and ESMCF 10 representing the wt% of SMCF added viz 1%, 2%, 3%, 5%, and 10%.
Sample Characterization: FTIR, Raman and XRD
FTIR Spectra were measured using a Perkin Elmer Spectrum 100 FT-IR spectrometer, at a resolution of 4 cm −1 and collecting 16 scans. SMCF and polyamine were characterized by making KBr discs and measuring transmission spectra. The spectrum of liquid DGEBA was obtained by ATR applied to a KBr disc [17] . Peak areas, representing C-O-C bonds were measured in absorbance mode using E-FTIR software.
Raman spectra were measured using an InVia Raman microscope with laser excitation at 514 nm and a low laser power (10% was selected after checking) to avoid overheating of the sample [17] . Static mode was used with 100 accumulations with middle point at 1400 cm −1 in order to obtain a scan from 950 to 1850 cm −1 the range containing D and G peaks of carbon.
XRD: Wide angle X-ray diffraction (WAXD) traces were obtained in the 2Θ range of 10˚ -80˚ using the PANalytical Xpert Multipurpose X-ray Diffraction System (MPD). Crystallinity is calculated by taking the ratio of the area under the peaks to area under the complete X-ray diffraction trace [18] . The area under the peak was determined by setting a baseline for amorphous scattering and subtracting the baseline intensities from total diffraction [19] . The method [20] of estimating other parameters such as width (b. i.e. full width at half intensity FWHM) and peak intensity (I) is shown in Figure 2 by correcting the baseline of XRD peak at 18˚C.
Density and Microhardness Measurement
Density was measured by the Archimedes principle and for this samples were cut in square shapes in various sizes. Three cut pieces from five different samples of the same category were studied and the average value taken as the density of the composite. After determining the density (ρ c ) of composite pieces, the volume fraction of the SMCF particles (V f ) was calculated from the Equation (1) % 1
where, ρ f (equal to 1.8 gm/cc) and ρ m are fiber and cured epoxy resin (neat epoxy) densities. Surface hardness, representing abrasion resistance, is calculated in terms of Vickers microhardness (H v ) at constant maximum load of 0.3 kg (which was decided after a number of trials at different loads). At this load of 0.3 kg, a large area is covered including matrix and reasonable amount of SMCF particles. For each SMCFepoxy category, five indentations were made at a sufficient distance from each other on three samples. After removal of the load, the Vickers micro hardness was derived from the residual projected area (plastic deformation) of the indentation and the average value was noted. Table 1 shows the elemental analysis of SMCF using XRF-as it appears, SMCF used in this study had 96.7% carbon and the balance consists of impurities including oxides of Na, Mg, Al, Fe, Ti and Ca: Fe 2 O 3 constitutes the largest wt% i.e. 1.026 % followed by SiO 2 (0.724 %). Figure 3 and Figure 4 . Survey scan (Figure 3(a) ) shows three main peaks as typically observed in virgin carbon fibers showing presence of carbon, oxygen and nitrogen [22] - [25] . XPS scans (Figures 4(a)-(d) ) reveal that among all the impurities found in SMCF in the XRF study (see Table 1 ), silicon, sodium and calcium present on the surface which probably came from the recycling process or as residue of the parent source of SMCF composite. The carbon peak is located around 284 eV in which a strong C1s A peak can be assigned to graphitic peak at 284.38 eV and other small peaks in the tail at higher binding energy represent oxides. The oxide to graphite ratio found was 0.2. The weakest oxide peak named as C1s F at 290.78 eV in Figure 3 can be assigned to chemical group -CO 3 and other C1s E, C1s D and C1s C at 289.08, 287.88 and 286.38 eV correspond to -COOH, -C=O and -OH groups respectively. FTIR spectrum of SMCF shown in Figure 5 also supports this conclusion as discussed in the next section.
Results and Discussion
SMCF Characterization
XRF
XPS Surface chemistry of SMCF studied by XPS is shown in
The best fit for the oxygen peak (O1s) was up to three component peaks as shows in Figure 3(c) . This indicates that SMCF is not significantly oxidized as oxygen was present on the SMCF surface in other forms than and higher than nano sized graphite such as carbon nano tubes (0.03 for pristine CNT) whereas that of epoxy is 0.23 [24] . A lower O/C ratio indicates that less amount of oxygen containing functional groups are present on the surface of the SMCF resulting in less active surface area available for chemical bonding with epoxy. Figure 4 shows the XPS scans of the impurities present on the surface of SMCF of which Si has the highest proportion. The peak observed for Si at 101 eV (Figure 4(b) ) is a result of two peaks at 101.82 and 102.7 eV labeled as Si2P A and Si2P B respectively. One of the possible reasons of the presence of Si as impurity element on SMCF surface can be the use of siloxane (e.g. cross-linked polysiloxane [28] ) release agent on the virgin carbon fiber (CF) for better interfacial bonding between CF and matrix material. Some of this agent may be left after the recycling process in the form of oxides. Low BE peak Si2P A represents the Si directly bonded to two oxygen atoms and the higher electronegativity peak at 102.7 eV represents three oxygen atoms bonded to Si.
Raman and FTIR Spectra
The FTIR spectrum of the SMCF shown in Figure 5 reveals the presence of the polar groups hydroxyl (-OH), carboxyl (-COOH) and carbonyl (-C=O) as suggested by respective peaks [17] observed at 3435, 2916 and 1613 cm −1 . Researchers [29] - [31] believe that these groups are formed during the SMCF recycling process. On the other hand, the existence of the corresponding peaks of these groups in the XPS spectrum of virgin carbon fibers [22] may tell a different story. The presence of these polar groups have proved advantageous in the wetting process [17] . Among these four oxygen containing functional groups, -OH and -COOH contribute more in forming hydrogen bonds with epoxy because of their proton donor and acceptor nature [27] .
Epoxy/SMCF System Characterization
Crosslinking
Characteristic peaks of the epoxy group are seen in DGEBA at 915 and 3056 cm −1 (see Figure 6 ) those correspond to C-O-C and C-H bending and stretching vibration modes respectively. Curing of DGEBA is done by the opening of epoxy group and consequently reducing area of the peaks mentioned above [32] - [37] . [38] . Gradual decrease of these peaks is generally taken to represent the extent of conversion of the epoxy groups [32] . Using this approach, curing time was decided in presence of SMCF as that when the constant Figure 6 . FTIR spectra of ESMCF 01 over 9 days of curing. maximum crosslinking was achieved for available epoxy/hardener mixture. Crosslinking (α) is calculated using Equation (2) [36] , where A refers to the area under peak calculated in absorption mode.
where A 11830 denotes the area under this peak at the start of the experiment and A 1183t represents the area after a certain curing time t. Similarly A 915 represents the area under the peak at 915 cm −1 at different times. Figure 7 shows that for ESMCF 01, using 3056 and 915 cm −1 , about 70% crosslinking is achieved within one day with transformation into a partially cured system. This glassy state slows down the further crosslinking process [39] over the following 7 -8 days and maximum (optimum) crosslinking is seen after day 8 i.e. 99.1% cross-linking determined from 915 cm −1 and 89% crosslinking determined from 3056 cm −1 peak which is found to be similar to that of neat epoxy curing. The extent of curing vs time features of Figure 7 is consistent with the volumetric observations reported for curing of a dental epoxy resin [40] .
All the compositions from neat epoxy up to 10% SMCF/epoxy composites displayed 99% curing/cross linking at 915 cm −1 peak and 89% curing/crosslinking at 3056 cm −1 after 8 days. The 915 cm −1 data is taken to be more quantitative, because the 3056 cm −1 peak is overlapped with other peak (see Figure 6 ) hence makes it difficult to accurately calculate the % cross linking.
FTIR spectroscopy confirms that the presence of SMCF does not interfere with chemical reaction taking place between the curing agent and the epoxy ring.
Raman Shift and XRD of ESMCF System
Unlike the Raman spectrum of single crystal graphite [41] , SMCF shows two peaks, typical of distorted graphitic carbon where the D band (1351 cm . This can be seen in Figure 5 top. The Raman spectra of all ESMCF series taken on the sample top surface were observed to be the same as neat epoxy Raman spectra. This leads to the possibility of no SMCF particles on the surface of the samples. Therefore, in order to study the Raman spectra of SMCF in the epoxy system, samples were studied on the fracture surface by focusing the laser beam individually on the SMCF and epoxy in the fracture region of composite, as shown in Figure 8 . Figure 8(a) and Figure 8(b) show the laser focusing locations on the top surface of the sample on epoxy rich region and fiber underneath the epoxy respectively.
Again the Raman spectra obtained from the epoxy region on top surface and fracture surface (Figure 8(a) and Figure 8(d) ) were similar to each other and to that of the pure epoxy as shown in Figure 9 . This confirms that all carbon peaks of epoxy are unchanged after adding SMCF. As can be seen in Figure 10 , the disordered and crystalline carbon peaks observed in neat SMCF remain unchanged after adding to epoxy. The I D /I G [43] [45] (also I D /(I D + I G ) [42] ) ratio was also found to be very similar for SMCF and all ESMCF series. SMCF particles were studied in both transverse and longitudinal directions. These results are different to the results obtained by Bal [45] where the I D /I G ratio was reduced in a SMCF and epoxy composite system which was cured in a refrigerator.
XRD
The XRD results (Figure 11 ) confirm the amorphous nature of both ESMCF 00 (neat epoxy) and SMCF by the symmetric broad peaks observed at 2Θ values 19˚ and 25˚ respectively [46] . The peak at 42˚ in the SMCF spectrum indicates the presence of Fe (Fe 2 O 3 ) and other impurities in the SMCF fiber as also found by XRF and XPS [47] . The amorphous peak in SMCF at 25˚ corresponds to hkl = 002 index whereas that for ESMCF 00 is midway between (1/4 1/4 0 and (1/2, 0, 0), plus another peak at 42˚ corresponding to hkl = 100 [20] . The absence of a sharp peak at 200 shows that only amorphous carbon is present in SMCF [20] . At the same time, the peak width observed in SMCF is narrower than that observed in epoxy indicating the more amorphous nature of epoxy than SMCF.
Incorporation of SMCF in the epoxy resin resulted in a final diffraction pattern of reduced intensity of halo (002) peak of ESMCF system with increased relative width (measured in terms of b i.e. FWHM which is full width of the peak in rad at half of the intensity (I)). This implies that the addition of SMCF to epoxy has reduced the crystallinity of the epoxy by a small extent. A close view of the amorphous peak (inset in Figure 11 ) clarifies that there is no well-defined trend observed in the decrease of crystallinity, whereas I/b ratio and area calculation as explained in experimental section proved that ESMCF 03 shows the highest crystallinity (but less than neat epoxy i.e. ESMCF 00) and ESMCF 10 shows the lowest crystallinity among all SMCF blended epoxy systems.
Depending upon the change observed in 2Θ (from 18.4˚ to 19.05˚) and b (from 0.115˚ to 0.133˚ rad) and using their relationship [48] - [51] with XRD parameters the following can be stated. Factors depending on b such as crystallite size, micro strain, dislocation density and dislocation parameter are increased while on the other hand interchain separation and interplane distance are decreased to a small extent after SMCF addition. Table 2 shows density and volume fraction (V f ) determined by theoretical calculations (rule of mixture) and experimentally (Archimedes principle-according to ASTM D792) [52] . A large variation was observed between the calculated density (1.08 gm/cc) and experimental density (1.145 gm/cc)which can be attributed to the crosslinking effect between DGEBA and hardener resulting in shrinkage of the cured epoxy samples (the shrinkage was found to be ~8%) which reduces the volume and therefore, increases the density. Therefore to allow for the effect of shrinkage, the density of 1.145 gm/cc was used as shown in Table 2 and Figure 12. A small difference between these two values is believed to be the result of the loss of the material during fabrication as no change in shrinkability was found after addition of SMCF.
Density, Volume Fraction and Microhardness
Reduced density indicates more SMCF fiber loss during casting than epoxy possibly because of SMCF fiber settlement at the bottom of the vessel glass. Therefore in order to find out the actual amount of SMCF in the modified epoxy, the volume fraction of SMCF was calculated as shown in Figure 12 and Table 2 . Figure 12 shows the average value of 15 samples and it can be concluded from the small standard deviation bars (from mean values) that the dispersion of SMCF in the epoxy matrix is better at higher wt% than lower which show higher deviation in density and volume fraction.
Numerous glassy and semicrystalline polymer blends obey the additivity law of microhardness [21] [53] [54] but in this study the microhardness of epoxy/SMCF is decreased in initial stages (Figure 13 ). This behaviour of the system in this study is similar to that of polyethylene/polypropylene blends observed by Balta et al. [55] which also do not follow the rule of additivity. In the present study the microhardness value of the system decreased on initial loading (i.e. 1 wt%) and thereafter starts increasing with increasing loading (from 2 wt%) and surpasses the microhardness of neat epoxy at 5 wt% loading. ESMCF microhardness (Figure 13) shows the increase of H v as a function of volume fraction (V f ) of SMCF. This can relate to increase in dislocation density and micro-strain as observed in XRD. Another possible reason can be that epoxies have modulus of elasticity typically of 3 GPA, whereas the SMCF has a very high modulus of elasticity and hardness/rigidity. And higher number of SMCF on surface shows higher microhardness in case of EMCF 05 and 10 restricting the plastic deformation due to indenter. The increasing part of the microhardness is described by the following equation: 0.5183 13.633 Figure 14 is the qualitative indication of the dispersion and uniformity distribution of the SMCF in the epoxy matrix from 1 to 10 wt%, which was achieved without use of any surfactant. The control sample neat epoxy (0% SMCF) naturally shows no fiber or any impurities. For samples containing 1%, 2%, 3%, 5% and 10% SMCF, interestingly there is no agglomeration of the SMCF which is a good indication of a successful ultrasonication technique. This achievement will form the basis of the further study of this work in terms of improved flexural modulus as well as improved fracture properties by addition of SMCF to epoxy as will be related/explained to a quantitative correlation between SMCF content and inter-particular distance. 
Low Magnification View of SMCF Distribution in Epoxy Matrix
Conclusions
1) This study uses FTIR spectroscopy to effectively monitor the curing kinetics of neat epoxy and SMCFreinforced epoxy. The presence of impurity elements exposed on the surface of SMCF does not show any hindrance to the curing reaction of DGEBA. FTIR also helps to decide the optimum curing time of epoxy-SMCF composite systems studied in this work. At room temperature, within 1 day, 70% curing is obtained; and by end of 8 days 99% curing results.
2) The Raman spectra of SMCF and epoxy on the fracture surfaces indicate that there is no chemical reaction between SMCF and epoxy.
3) XRD proves that after addition of the more crystalline phase SMCF to amorphous epoxy slightly reduces the crystallinity of the neat epoxy.
4) With 10% SMCF addition, there is an 11% increase in Vickers microhardness value implying the 10% SMCF modified epoxy will be more resistant to abrasion. 5) Comparison of theoretical and experimental studies of density and volume fraction showed that systems with higher SMCF contents were associated with more uniformity in distribution of SMCF fiber in the epoxy matrix.
